Probe-tack experiments of Tirumkudulu et al. ͓Phys. Fluids 15, 1588 ͑2003͔͒ have shown that squeeze flow of Newtonian liquids on flat, impermeable substrates can be successfully modeled using the lubrication approximation. Here, we present a model for squeeze flow of Newtonian liquids on porous substrates where the flow in the gap is coupled to the fluid flow in the porous media. The competition of spreading and imbibition of liquid on a partially saturated porous substrate determines the force versus gap profile in both the squeeze ͑compression͒ and pull-off ͑tension͒ modes. The finite difference method was used to discretize the lubrication equation in the gap while boundary element method was employed to solve for flow in the porous substrate. The model predicts a lower magnitude of force for porous substrates in both compression and tension modes compared to that for impermeable substrates. Experiments on porous alumina substrates with Newtonian liquids show close agreement with the model predictions in both compression and tension modes when the gap is corrected for the obliqueness of the confining surfaces. Cavitation is predicted for some cases in the tension mode when the pressure in the gap reduced below the vapor pressure of liquid.
I. INTRODUCTION
When a thin film of water-borne adhesive containing colloidal polymer particles dispersed in a solvent is applied on a porous substrate, such as Elmer's ® glue on paper or wood, water wicks through the porous substrate due to capillary forces, which results in a high concentration of polymer particles at the substrate interface. As the particle concentration increases to that of close packing, the particles come into contact and form a weakly percolated network. At this stage, the particles have not coalesced and the dispersion still possesses a rheology responsible for wet tack. Finally, with further wicking, the particles deform and coalesce to form a rigid film devoid of water that strongly binds to the porous substrate. The tack of an adhesive is, therefore, a complex function of the rheology of the adhesive, film thickness, particle size, and the pore size and permeability of the substrate.
Adhesives are often characterized by the probe-tack test, which measures the force required to separate two surfaces bonded by a thin film of adhesive. A typical test consists of bringing a cylindrical probe into contact with an adhesive film for a short time ͑compression͒ and then removing it at a constant rate ͑tension͒. A sample's tack is defined as either the maximum force required to pull the probe during this process or the total work done in moving the probe from the initial position to a finite large gap. Previous work on the probe-tack test by Tirumkudulu et al. 1 has highlighted the importance of instrument-specific issues and accompanying fluid dynamics related to the bubble nucleation and growth by performing experiments on Newtonian liquids. In a later publication, 2 they discuss the effects of rheology of waterborne adhesives on the force response. It is important to note that in all their experiments, there was sufficient liquid surrounding the gap throughout the experiment and so capillary ͑contact line͒ effects were absent. In addition, since air could not enter the gap from the probe edges, fingering instabilities occurred only when liquid cavitated in the gap due to large negative pressures in the tension mode. In this study, we have retained the same experimental approach for simplicity.
In a related study, Poivet et al. 3 performed experiments in tension mode over a wide range of probe velocities on a finite volume of viscoelastic liquid drop confined within the gap. They observed that for a given viscosity ͑ϳ10 2 -10 3 Pa s͒ and initial gap ͑ϳ0.050-0.200 mm͒, while a decrease in force after an initial force peak was smooth at low velocities ͑ϳ0.00015-0.0025 mm/ s͒, a plateau-like feature was obtained at higher velocities ͑ϳ0.4-4 mm/ s͒. On the basis of experiments performed on viscous liquids, they identified four regimes in the force versus gap curve in the tension mode at higher velocities; namely, force peak, force plateau, force drop, and a power law region. While the force peak is linked to the machine compliance, the force plateau and force drop regions appear due to cavitation, which is eventually altered by fingering instabilities. The power law region occurs in the final stage of the tension mode when the drop is completely confined within the gap. Unlike the aforementioned studies, 1,2 fingering instabilities were observed even at low velocities ͑where cavitation does not occur͒, since the finite volume of liquid drop allowed air to enter the gap from the probe edges at large gaps. In a related study, Josse et al. 4 discuss a new methodology for performing the probe-tack test of adhesives and highlight the importance of instrument compliance in the crack-propagation during debonding process of adhesives on steel and polydimethylsiloxane ͑PDMS͒ surfaces.
It is important to note here that our focus in this study is to understand the strength of water-borne adhesives in their "wet" stage when the viscous forces are dominant. However, elastic forces become more important when the particle concentration exceeds that at random close packing. This effect and the associated response of the "solid"-like material have been studied extensively. [5] [6] [7] [8] [9] Crosby et al. 8 have investigated the mechanical response of adhesively bonded thin elastic films in tension. They predict three distinct deformation modes of these films; namely, edge crack propagation, internal crack propagation, and cavitation. The first two relate to the nucleation of cracks between the film and the confining plates, and the third mode occurs when the cracks nucleate in the bulk of the film. They also developed a deformation map based on a scaling analysis involving fracture mechanics and bulk instability criteria to predict types of failure mechanisms in elastic films. As was pointed out by Tirumkudulu et al., 2 viscous films also undergo failure, but the nature and origin of failure are different from that for solid-like materials. While cracking governs the deformation in the solidlike case, cavitation causes the failure of viscous films. Note that all the aforementioned analyses were limited to adhesives confined between impermeable substrates.
Though squeeze flow on porous substrates is encountered in various applications such as self-lubricated journal bearings, packaging, and printing, very few experiments have been reported in the literature. The only experimental study relevant to our work is that of Ahmad et al., 10 who performed compression mode experiments on saturated porous sintered bronze filters in view of its application in inkjet printing. They modeled the flow by coupling the lubrication equation for the gap to the Darcy equation for the porous substrate. The measured time variations of gap and squeeze velocity for a prescribed load compared well with the theoretical results. They also predicted the time evolution of gap and penetration rate during the squeeze flow of ink on paper, with the latter assumed to be saturated.
The present work extends the analysis of Tirumkudulu et al.
1 for a Newtonian fluid on flat impermeable substrates to unsaturated porous substrates and aims to predict the effects of pore size and permeability of the substrate on the tack of Newtonian liquids. Unlike the saturated case of Ahmad et al., 10 the capillary pressure at the air-water interface in the unsaturated case causes an enhanced imbibition in compression since the probe motion and the capillary force act in the same direction. In contrast, the tension mode results in a competition between the pulling action of probe and the negative capillary pressure at the imbibition front that draws the liquid into the substrate.
In our study, we have followed a numerical approach similar to Alleborn and Raszillier, 11 who have modeled the spreading of a viscous drop on an unsaturated porous media with a moving front using the finite difference scheme for the drop dynamics and the finite element scheme for the flow in the porous media to predict the time evolution of droplet shape. However, unlike their case, the contact line dynamics at the surface of the substrate and the gravitational effects are negligible in our case. We have adopted the finite difference method ͑FDM͒ to solve for the squeeze flow in the gap, while the boundary element method ͑BEM͒ has been used to solve for the flow in the porous media, which is assumed isotropic. The latter technique is numerically more efficient than the finite element/finite difference method for our case. Under identical conditions, the numerical simulations predict a smaller force in both compression and tension for a porous substrate than that obtained for the impermeable substrate. Further, the forces reduce with increase in permeability or decrease in viscosity and probe velocity. These predictions are validated by experiments performed on porous alumina substrates of different pore sizes. Our analysis suggests that in addition to the cavitation and machine compliance, the tilt of the probe surface with respect to the substrate surface plays a crucial role in determining the force versus gap profiles.
II. NUMERICAL MODEL
A schematic of the flow geometry is shown in Fig. 1 , where a thin film of Newtonian liquid is constrained between an impermeable substrate ͑cylindrical probe͒ at the top and a porous substrate at the bottom. In the compression mode, the probe moves downward squeezing the fluid out of the gap while simultaneously forcing it into the porous substrate. In the tension mode, the probe moves upward with the flow directions reversed. As noted by Tirumkudulu et al., 1 the gap between the probe and the substrate surface ͑referred to as the true gap h͒ is not the same as that calculated by the Texture Analyzer ® instrument ͑referred to as the apparent gap hЈ͒ and depends on the measured force F and the spring constant of the load cell k as ͑Fig. 2͒
with the rate of change of gap given by
where U is the traverse velocity. Here, the apparent gap ͓hЈ͑t͔͒ is related to the initial apparent gap ͑h 0 Ј͒ by the following relation:
͑3͒
The governing equations for the flow of an incompressible Newtonian fluid of constant viscosity ͑͒ in the gap are derived by applying the thin film lubrication analysis, 1 which assumes the gap ͑h͒ to be much smaller than the radius of the probe ͑R͒. Note that since the flow is axisymmetric, the azimuthal components of the governing equations vanish. In addition, since the liquids are very viscous ͑of the order of 1 Pa s͒, the Reynolds number for the liquid flow in the gap ͑Uh / ͒ and in the porous substrate ͑Ud / ͒ are very small ͑of the order of 10 −5 ͒. Here, is the liquid density and d is the characteristic pore diameter. Hence, the inertial terms are negligible in our experiments. Similarly, gravity is negligible for small gaps. Further, assuming the porous substrate to be homogeneous and isotropic and the liquid to completely saturate the porous substrate up to the imbibition front, we apply the Darcy law to describe the flow in the porous substrate. The no-penetration condition in the z direction for the impermeable substrates is now replaced by the Darcy law for porous substrates assuming continuity of volumetric flow rate,
where K is the permeability of substrate, p s is the pressure in the porous substrate, and z is the axial coordinate ͑Fig. 1͒. Using the above boundary condition, the lubrication equation can be solved to give the probe velocity,
ͩr dp dr
which can also be recast in terms of the apparent gap,
͑6͒
Here, p͑r͒ is the pressure in the gap, which, under lubrication approximation, is independent of the z coordinate. Therefore, p͑r͒ = p s ͑r , z =0͒. The force F is obtained by integrating the pressure field over the surface of the probe of radius R,
The 
Here, ␥ is the surface tension of the air-liquid interface. Further, it is assumed that the liquid completely wets the porous substrate.
The depth of the imbibition front CD is determined in terms of the apparent gap hЈ by applying the kinematic boundary condition at the front,
where n is the normal unit vector at the imbibition front and directed from the liquid into air. We developed a Cϩϩ code to solve the governing equations ͑6͒-͑8͒ and ͑11͒. As an initial condition for the squeeze flow mode, the force was assigned a small value at a large apparent gap ͑hЈ͒ with an initial depth of imbibition front ͑L o ͒. Equation ͑8͒ is solved first using BEM ͑see Appendix A͒ with the pressure in the gap set at the atmospheric pressure. The resulting axial pressure gradient ͑or penetration velocity͒ at the surface ͑z =0͒ along with an initial guess for dF / dhЈ is used to solve Eq. ͑6͒ via FDM to obtain dp / dr as a function of the radial coordinate. The pressure gradient is next integrated over the probe surface ͓Eq. ͑7͔͒ to evaluate the force F at the next value of hЈ. This process is iterated until the new value of F matches with that obtained from the initial guess for dF / dhЈ. To determine the new position of the imbibition front, the pressure field in the gap is evaluated by integrating dp / dr over the radius of the film with the pressure set equal to atmospheric pressure p͑r = R͒ = 0 at the radius of the probe. Finally, Eq. ͑8͒ is solved subject to Eq. ͑10͒ to obtain the imbibition front position ͓Eq. ͑11͔͒. The aforementioned procedure is repeated until the force exceeds the cutoff value or the probe contacts the surface.
An axisymmetric potential formulation 12 is employed in the BEM implementation of Eq. ͑8͒ ͑Appendix A͒. The domain is discretized using isoparametric linear elements with the corner singularities treated using double nodes. 13 The advantages of using BEM in our case are multifold. First, since the pressure and velocity fields are required only at the domain boundaries, significant reduction in computation time is achieved by using BEM compared to alternate formulations, such as the finite element method ͑FEM͒ or FDM. Secondly, in case of FEM/FDM, the moving front requires the calculation domain to be re-meshed at every time step leading to larger computation time. In addition, the value of the pressure at the nodes in the new mesh in case of FEM/FDM need to be evaluated by cumbersome interpolation which may lead to inaccuracies in the result. On the other hand, no such problem is encountered in BEM, where nodes are placed on the boundary itself. This, however, comes at the expense of a lengthier formulation.
A. Effects of cavitation
Tirumkudulu et al. 1 have reported discrepancies between experiments and theoretical predictions in tension mode when the pressure in the gap falls below the vapor pressure of liquid. They show that the discrepancies are caused by cavitation and they developed a simple model to account for its effect on the force profile. Following their approach, we assume that a single cylindrical bubble of radius R c ͑t͒ containing vapor at a constant pressure p v ͑which is in the range 10 −6 -10 −5 Pa for our liquids͒ is nucleated at the center of the probe ͑r =0͒ during the pull-off process ͑when the pressure in the gap goes below the vapor pressure͒ and that any accompanying surface tension effects are negligible. During simulations, we nucleate the bubble when the centerline pressure falls below the vapor pressure ͑assumed as 10 −5 Pa͒. Thereafter, the change in the bubble radius with the gap is determined by equating the average radial velocity ͑͗v r ͒͘ in the fluid at r = R c ͑t͒ to the rate of change of the vapor bubble radius,
The radial velocity v r is determined from the radial momentum balance equation,
ͩ dp dr ͪz͑z−h͒.
͑13͒
On substituting Eq. ͑13͒ in Eq. ͑12͒ and solving, we get
which can be written in terms of apparent gap hЈ as
͑15͒
After bubble nucleation, the bubble interface is advanced according to Eq. ͑15͒ and the gap is re-meshed after every time step. Accordingly, the pressure at the old node locations are interpolated to arrive at values at the new node. The pressure in the region occupied by the bubble is kept at the vapor pressure, assuming equilibrium between the vapor and the liquid phase at all times.
As already mentioned, we have assumed that cavitation occurs when the pressure in the liquid falls below the vapor pressure. However, a rigorous criterion 14 for the inception of cavitation requires comparing the principal stresses at each point in the moving fluid with the tensile strength of liquid. This is because it is the principal stress that determines the state of stress in a liquid and not the pressure, which is an average of the normal stresses. Consequently, the liquid cavitates when the principal stress falls below the tensile strength of liquid, with the cavity opening in the direction of maximum tension. The evaluation of principal stresses in our case shows that the maximum tension can be assumed equal to the pressure with an error of O͑h / R͒, which is acceptable since our focus is on the behavior at very small gaps ͑h / R 1͒.
Knapp et al. 15 argue that the inception of cavitation requires the creation of cavity in a homogeneous liquid by liquid rupture. Consequently, the cavitation threshold or the tensile strength of a liquid is not equal to its vapor pressure since the latter is defined as an equilibrium condition. In addition, the tensile strength of the liquid is subject to large variations due to various factors such as the presence of dissolved gases and existence of trapped bubbles. 16 However, due to lack of reliable set of data on the tensile strength of our liquids, we assume that the cavitation occurs when the pressure inside the liquid falls below the vapor pressure of the liquid, also referred to as vaporous cavitation. 17 We may, however, expect our liquids to sustain higher tensile stresses if they had been degassed prior to experiments. Recent studies on cavitation and growth of bubbles in viscous liquids under tension 18, 19 discuss some of these effects in detail. As will be shown here, our simplified model is able to capture fairly well the effects of cavitation of liquid.
B. Dimensional analysis
For the purpose of comparing the predictions with measurements, we perform a simple dimensional analysis to relate the dimensionless force to other dimensionless groups of the problem,
͑16͒
The dimensionless group Caϵ U / ␥ is the capillary number and is defined as the ratio of viscous to capillary forces. We will study the variation of dimensionless force ͑F / kh͒ with the confinement ͑h / R͒ for various values of normalized pore size ͑d / R͒ and capillary number ͑Ca͒. Note that the last dimensionless group, namely, ␥ / k, is constant in all our experiments. Further, the permeability ͑K͒ of the porous substrates is typically related to the pore size ͑d͒, and hence is not included in the dimensional analysis.
III. EXPERIMENTS A. Materials
Experiments in both compression and tension were performed with Brookfield ® viscosity standard silicone oils of viscosities 1 and 5 Pa s. The surface tension of silicone oil was determined experimentally as 0.03 N / m. While a mild steel base plate was used as the impermeable substrate, porous alumina ceramic disks AF ® and AF15 ® manufactured by Refractron Technologies Corporation, USA were used as porous substrates ͑Table I͒. The porosity and permeability of these discs were obtained by independent experiments ͑de-tails in Appendix B͒.
B. Experimental apparatus
Figure 2 presents a schematic diagram of the experimental setup. Tack measurements were performed on the Texture Analyzer ® instrument ͑model TA.XT Plus, Stable Micro Systems, Inc.͒. The instrument consists of a cylindrical probe of radius R = 2.5 mm that is connected via a load cell ͑maxi-mum force of 50 kg and sensitivity of 1 -3 g͒ to a vertical traverse controlled by a stepper motor. The sample of interest is placed below the probe on the chosen substrate. The force and gap resolution of the unit were 0.001 N and 0.001 mm, respectively. Each experiment begins with the traverse moving downward ͑compression͒ causing the probe to squeeze the sample and generate a force, which is detected by the deflection of the load cell. At the maximum cutoff force ͑kept at 5 N͒, the motion of the traverse is reversed ͑tension͒, which eventually returns the probe to its initial position. However, the inertia of the instrument causes the maximum force to exceed the cutoff value by a certain amount. This value may be significant ͑ϳ1 N͒ as it occurs at very small gaps, where small displacements result in large forces. The data acquisition rate was kept at 500 s −1 and the initial probe position set at 2 mm so as to facilitate introduction of the sample. Before the start of experiment, blank tests are performed to determine the calibration error in the instrument and the true gap was appropriately corrected. Blank tests also determine the spring constant of the load cell as the slope of the F versus hЈ curve. 1 The spring constant ͑k͒ of the load cell was measured to be 3.2ϫ 10 5 N / m in our experiments.
IV. THEORETICAL PREDICTIONS
In our experiments there is always a time delay between the application of the fluid on the substrate and the contacting of the probe with the liquid. Thus, to account for the effects of initial imbibition on the force profile, simulations were conducted for varying time delays that correspond to different depths of imbibition ͑L 0 ͒. The latter was determined using the Washburn equation
where t d is the time since the application of the liquid sample on the porous substrate.
As shown in Fig. 3 , the calculated force in both compression and tension is smaller in magnitude for short time delays/imbibition lengths. However, the variation is less pronounced at larger time delays. This is because the speed of the imbibition front, as described by Eq. ͑17͒, slows down with time. These results were further validated by experiments where time delays exceeding 10 min showed negligible variations in the measured force profiles. Consequently, an initial imbibition length corresponding to t d = 10 min is used for all simulations. It is important to note that the force profiles will still be different from the saturated case 10 since the capillary forces are absent in the latter case.
We next analyze the theoretical predictions of the pressure and force profiles in both compression and tension. While the downward motion of the probe results in increasing pressure in the gap, the pressure for the tension mode decreases and reaches a negative value in some cases, leading to cavitation. These results are presented in the plot of the centerline pressure in the gap in compression and tension ͑Fig. 4͒. The centerline pressure for porous substrates in both compression and tension is smaller in magnitude than that for the impermeable substrate and decreases with increase in pore size ͑or permeability͒. While the decrease in the magnitude of the pressure at a given gap is modest for d = 0.004 mm ͑d / R = 0.0016͒ compared to the impermeable substrate, the decrease is much larger for d = 0.010 mm ͑d / R = 0.004͒, especially at small gaps ͑h / R = 0.02 to 0.04͒. The thicker lines in Fig. 4͑b͒ show the pressure profiles for the model including cavitation. At small gaps, the centerline pressure predicted by the model including cavitation was smaller in magnitude than that without cavitation, and was equal to the vapor pressure of the liquid. Cavitation bubbles persist for relatively larger gaps for impermeable substrate compared to the porous substrates which implies that the bubble collapses early in case of porous substrates. The direction of liquid flow at the surface of the porous substrate is determined by the normal pressure gradient at the substrate surface. Since the pressure at the imbibition front is a constant negative value, the direction of liquid flow is everywhere into the porous substrate in compression while in tension, the direction is set by the pressure difference between the gap and the porous substrate. Figure 5 shows the propagation of liquid front in the d / R = 0.0016 substrate at Ca= 0.1333, where the depth of imbibition is nondimensionalized with the initial depth of imbibition ͑L 0 ͒. While the front propagates in the downward direction ͑indicated by arrows͒ in the entire region in the compression mode ͓Fig. 5͑a͔͒, the front moves upward for regions below the probe in the tension mode ͓Fig. 5͑b͔͒, implying that the pressure in the gap is more negative than the capillary pressure at the moving front. The front, however, moves downward for regions lying outside the gap ͑r / R տ 1͒. The exact location of change in the direction of front movement, however, is determined by the pressure in the gap and the pressure field inside the porous substrate. Dashed lines in Fig. 5͑b͒ show the propagation of liquid front for the model including cavitation. Since cavitation limits the magnitude of the negative pressure in the gap, the speed of the imbibition front for regions under the gap is relatively slower.
The force versus gap profile follows a trend similar to that predicted for the centerline pressure in that the force for the porous substrate is smaller than that for the impermeable substrate in both compression and tension ͑see Fig. 6͒ . At large gaps, the liquid prefers to flow in the gap where the resistance to flow is smaller than that in the pores. However, at small gaps the situation is reversed with flow predominantly in the pores. Thus, the force versus gap profiles between the porous ͑d / R = 0.004͒ and the impermeable sub- strate differ significantly at smaller gaps ͑h / R Շ 0.02͒. The thicker lines in Fig. 6͑b͒ show the force profiles predicted by the model including cavitation. While the force profiles in tension for the model without cavitation show only two clearly distinct regions, i.e., a force peak and a sudden decay, distinct regions corresponding to bubble nucleation, growth, and collapse in the decay phase are obtained for the model including cavitation. These features will be discussed in detail in Sec. VI. The centerline pressure and force profiles for d = 0.010 mm substrate ͑d / R = 0.004͒ ͓Figs. 4͑b͒ and 6͑b͔͒ in the tension mode for h / R Ͼ 0.035 shows an interesting trend. Both the force and centerline pressure magnitudes are expected to decrease monotonically at such large gaps. However, the centerline pressure becomes positive reaching a maximum at a confinement of h / R = 0.036, after which it decreases back to zero at large gaps. Similarly, the force attains a small negative value at similar gaps and increases back to zero. This surprising trend motivated us to look closely at the flow behavior both in the gap and inside the porous substrate. When the probe moves up in tension mode, liquid is pulled into the gap both from the sides and from the pores. At small gaps, the velocity of liquid entering the gap from the pores ͑henceforth referred as suction velocity͒ increases with gap. Concurrently, the centerline pressure decreases and reaches a peak negative value. Beyond the peak, when the centerline pressure starts increasing, we expect the suction velocity to decrease with increasing gap. However, a decrease in centerline pressure magnitude also implies a decrease in the radial pressure gradient, i.e., dp / dr, which in turn lowers the radial velocity v r ͓Eq. ͑13͔͒ into the gap. Since the continuity equation is satisfied at all times, the extra liquid is supplied from the pores at higher velocities. Hence the suction velocity keeps increasing ͑although at a small rate͒ even after the force peak until the gap becomes large leading to high radial velocities. Thus, when the suction velocity is less than the probe velocity everywhere ͓Fig. 7͑a͔͒, liquid will flow radially inward in the entire gap to satisfy continuity. However, when the suction velocity exceeds the probe velocity in a region near the centerline ͑since the suction velocities are maximum here͒, liquid starts flowing radially outwards ͓Fig. 7͑b͔͒ in these locations leading to positive pressures near the centerline ͓after a confinement of h / R = 0.035 in Fig. 4͑b͔͒ , while liquid continues to flow radially inward into the gap at other locations. This situation leads to a net positive force since the positive pressure created by the high suction velocity pushes the probe instead of pulling it. Though our simulations reveal this interesting phenomenon, we did not observe such trends in our experiments, probably because of the instrument's inability to accurately detect such small forces. 
FIG. 7.
Arrows indicate the flow directions in tension mode when ͑a͒ suction velocity is less than the probe velocity at all locations and when ͑b͒ suction velocity exceeds the probe velocity in a region close to the centerline.
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V. EXPERIMENTAL RESULTS
Experiments in both compression and tension were performed on both the impermeable and the porous substrates for a range of pore sizes ͑Fig. 8͒, motor speeds ͑Fig. 9͒, and viscosities ͑Fig. 10͒. The measured force versus gap profiles are affected by the compliance of the Texture Analyzer ® instrument since the spring force of load cell is balanced by the lubrication forces. 1 We begin the experiments in compression where the probe moves downward squeezing the sample, resulting in a negative force that increases in magnitude with decreasing gap. At the specified cutoff value ͑5 N͒, the traverse reverses direction and begins to move away from the surface. The true gap continues to decrease since the liquid remains in compression for a short time, after which the constant upward motion of the traverse exerts a tensile force on the sample and the gap starts increasing slowly. Since the lubrication force ͓O͑R / h͒ 3 ͔ decreases rapidly with increasing gap, a small increase in gap allows the load cell to retract quickly, accelerating the probe to a high velocity. However, the tendency of the load cell to equilibrate with the reduced lubrication force results in a subsequent decrease in the probe velocity. This explains the occurrence of force peak and sudden decay in tension mode of the experiment. The presence of cavitation bubbles in the gap in tension mode leads to an abrupt decrease in the force and the phenomenon has been described theoretically and verified experimentally for impermeable substrates. Figure 8 shows the results of experiments in compression and tension performed on impermeable and porous substrates of different pore sizes. The forces in both compression and tension are lower than those measured for impermeable substrates and decrease with increase in pore size. Interestingly, the deviations from the force profile are apparent even at a gap of 0.050 mm, suggesting that there is significant imbibition into the porous substrate. In addition, while the cutoff is reached at a relatively larger gap for impermeable substrate, the probe contacts the surface resulting in a sudden increase in force for the porous substrates. Experiments for varying motor speeds ͑Fig. 9͒ and viscosities ͑Fig. 10͒ show that as in the case of impermeable substrate, the force reduces in both compression and tension with decrease in viscosity and motor speed. 
VI. COMPARISON OF MEASUREMENTS WITH THEORETICAL PREDICTIONS
Figures 11 and 12 compare the results of compression and tension experiments with silicone oils on the impermeable substrates with the model predictions in the absence of cavitation over a range of Ca. An additional shift of h s = 0.023 mm, which corresponds to h s / R = 0.0092 in the measured values of the confinement, was required to match the experimental results with the theoretical predictions. The origin of this shift is due to the tilt of the probe with respect to the substrate surface and will be discussed momentarily. The predicted nondimensional force in compression agrees well with the measurement for all capillary numbers ͓Fig. 11͑a͔͒. Figure 11͑b͒ plots the same on a log-log plot to highlight the close agreement between theory and experiments. Recall that the measured forces in compression for the porous substrates were lower than that for the impermeable substrate.
In contrast to the above results, while good agreement between theory and experiments is observed for Ca = 0.1333 ͓Fig. 12͑a͔͒, deviations were observed for experiments in tension on impermeable substrates for lower values of Ca ͓Fig. 12͑b͔͒. The latter has been plotted with two different initial gaps, neither showing full agreement with measurements. As has been mentioned previously, such discrepancies occur due to the cavitation of the liquid.
1,3
While comparing measurements with theoretical predictions, Tirumkudulu et al. 1 found that the measured gaps were smaller than the predicted value by a constant amount ͑+0.014 mm͒ irrespective of the motor speed and fluid viscosity. Consequently, the measured gaps were increased by +0.014 mm to match the experimental values with the theoretical predictions for Newtonian liquids. In our case, this shift was slightly higher ͑+0.023 mm or h s / R = 0.0092͒ for the impermeable substrate but again highly reproducible and independent of the motor speed and viscosity as in their case ͑Fig. 11͒. Figure 13 presents the compression mode results for the two pore sizes at various values of Ca. As indicated in the figure, larger shifts were needed to match the experimental values with the theoretical predictions in the porous case. This is especially evident for the substrate with larger pores ͓Fig. 13͑b͔͒, where the force increases sharply at h / R = 0.026, indicating contact of the probe with the substrate. Furthermore, the shift was found to vary with the substrate. These shifts, though surprising, are reported in several investigations on squeeze flows. A study on squeeze flow between rectangular rough plates by Marui et al. 21 suggests that the roughness of the probe and the substrate surface could be responsible for these shifts. Our impermeable substrates were 
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found to have roughness of the order of a micrometer, which cannot produce such large shifts. On the other hand, Poivet et al. 3 suggest the tilt of the probe with respect to the substrate surface to be responsible for these shifts. As will be shown presently, the latter appears to give shifts close to that observed in our experiments.
Because of the difficulties associated with analyzing the effects of oblique surfaces for the present case, we derive the force versus gap expression in two dimensions ͑2-D͒ for flow between two impermeable plates ͑Fig. 14͒. The obliqueness b / W determines the amount of tilt of the top plate with respect to the bottom plate, where b is the difference between the gaps at the ends of the plates and W is the width of the top plate. On solving the lubrication equations for the 2-D geometry with no-slip boundary conditions at the two plates, the top plate velocity U is obtained as
͑18͒
Solving Eq. ͑18͒ with the pressure boundary conditions p =0 at x = 0 and x = W, we obtain the pressure profile in the gap,
The force per unit length acting on the top plate is obtained by integrating pressure along the gap, Figure 15 presents the force profiles for oblique square plates of width ͑W͒ 5 mm ͑kept equal to the diameter of our probe͒ at U = 0.8 mm/ s for the 5 Pa s liquid. Shifts of about +0.010 mm are obtained for b / W =1/ 100, which suggests that a gap variation of 0.050 mm over 5 mm could shift the force profile by an order of 0.010 mm. The thickness variation specified by the manufacturer for the porous substrates is in the same range ͑0.050 to 0.100 mm over 5 mm͒ and therefore justifies the large shifts observed in our experiments. Although the above analysis is for the 2-D case, we expect similar trends for the case of oblique cylindrical surfaces.
One of the checks for such a shift is that the measured force profiles in both compression and tension agree with the theoretical predictions for the same value of shift. As will be shown shortly, these requirements are indeed met by the cho- sen values for shift provided small adjustments ͑less than 10%͒ are made in the initial gap for the tension mode since the force profiles in tension are extremely sensitive to the initial gap. Note that Tirumkudulu et al. 1,2 also suggest similar adjustments in the initial gap to match the measured forces. Figure 16 presents the results of experiments in tension on impermeable and porous substrates ͑with different values of d / R͒ at constant Ca ͑=0.0133͒ along with model predictions with and without including cavitation. For the impermeable substrate, the model predictions without cavitation show excellent agreement with experimental results, while that including cavitation predicts a lower force peak. This suggests that the cavitation bubbles do not nucleate for the higher viscosity liquid when the pressure in the gap goes below the vapor pressure. For d / R = 0.0016 ͑d = 0.004 mm͒, the model without cavitation captures the force peak, but the subsequent profile is captured better upon including cavitation. Furthermore, the predicted force in case of cavitation decreases rapidly immediately after the peak followed by a much slower fall at larger h / R. The initial rapid decrease occurs due to bubble nucleation and growth, and the latter occurs during bubble collapse as shown in the figure. The discrepancy between the model predictions ͑including cavitation͒ and measurements might be due to the cavitation bubble nucleating at locations other than the center of the gap, which in turn might be caused either due to the presence of nucleation sites at different radial locations or due to the tilt of the probe. These effects have earlier been reported and verified visually, 1 where the bubbles were observed to nucleate at the periphery of the probe. It has also been shown previously 1 that reduction of pressure below the vapor pressure does not guarantee cavitation and depends on a number of factors such as surface roughness, amount of dissolved gases, number of nucleation sites, etc. Given this, the force versus gap profile will depend crucially on the time of nucleation during the pull-off process. An interesting trend is obtained for d / R = 0.004 ͑d = 0.010 mm͒, where the force decays almost linearly after the force peak instead of two distinct phases. This aspect will be discussed in detail latter in this section. Figure 17 shows the results of experiments in tension on d / R = 0.0016 ͑d = 0.004 mm͒ at various values of Ca and compares them with model predictions in the presence and absence of cavitation. The peak force increases with increasing Caϵ U / ␥; i.e., with increasing motor speed and viscosity. Excellent agreement is obtained at low values of Ca ͓Ca= 0.133 in Fig. 17͑a͔͒ , where cavitation is absent. For intermediate values of capillary number ͓Ca= 0.0267, 0.0467 in Fig. 17͑a͒ and Ca= 0.0667 in Fig. 17͑b͔͒ , the model predictions ͑including cavitation͒ show moderate agreement with the experimental results. The force peak, the nucleation and growth phase, and the bubble collapse phase are accurately captured by the model. However, for higher values ͓Ca= 0.133, 0.233 in Fig. 17͑b͔͒ , while the force peak agrees with the model predictions without cavitation, the presence of the bubble collapse phase indicates cavitation. Consequently, the latter part of the profile is captured better by the 
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Measurement of tack of Newtonian liquids Phys. Fluids 19, 123101 ͑2007͒ model including cavitation effects. While these results follow the general trend observed for the impermeable substrate, 1 it is surprising to note that the cavitation effects are more pronounced in the high viscosity fluid ͑higher values of Ca͒ unlike for the impermeable substrate.
The situation is worse for the d / R = 0.004 ͑d = 0.010 mm͒, where none of the models completely capture the observed force profile beyond the peak value ͑Fig. 18͒. Specifically, for Ca= 0.0667, the slow fall observed in the force profile for h / R between 0.04 and 0.05 is reminiscent of the bubble collapse phase, even though cavitation is not predicted by the model as the pressure in the gap never goes below the vapor pressure. It is possible that this may occur due to the growth of a pre-existing gas bubble in the gap, which might be trapped in the pores before the start of the experiment. On the other hand, at higher values of Ca, the force predicted by the model including cavitation matches well for the region close to the peak but decays at a rate faster than the measured values. The presence of significant forces at larger gaps ͑h / R Ͼ 0.05͒, where the lubrication forces are expected to decrease to a very small value suggests that the cavitation bubbles, once formed, collapse at rates slower than that predicted by our model. This could occur if the crevices/pores in the porous substrates stabilize these bubbles, preventing them from collapsing.
It is important to mention here that cavitation was assumed to occur only in the gap for ease of computation. Though the possibility of cavitation in porous substrates cannot be ruled out, enforcing the pressure in the gap equal to the vapor pressure in the event of cavitation ensures that the pressure in the porous substrate always remains higher than the vapor pressure. However, our assumption of a cylindrical bubble in the gap itself may not be valid ͑for the porous case͒ as the bubble will experience force from the liquid entering the gap from the pores. Recent work on desaturation of water under tension reports the cavitation in porous media to be a complex phenomena 22, 23 and depends on a number of factors like the pore space geometry, liquid and surface properties, gas dissolution, and formation of sustainable gas bubbles in the porous substrate. If the pressure in a porous substrate falls below the vapor pressure, cavitation is more favorable for substrates with large pore sizes. This is because cavitation is known to occur in a porous media only when the pore size is larger than the critical bubble radius ͑r c ͒,
where ⌬P is the difference between the atmospheric pressure and pressure in the porous substrate. In our case, since ⌬P ϳ 10 5 Pa, the critical radius is of the order of 1 m. This suggests a strong possibility of cavitation inside both porous substrates. However, more work is required to explore these issues.
Finally we come to the question of tack for porous substrates. As mentioned previously, tack is defined either as the peak force during tension or the work done in moving the probe from the minimum gap achieved at the end of the compression mode to a large finite gap. We plot the peak force and the work done as a function of pore size for Ca = 0.1333 in Figs. 19͑a͒ and 19͑b͒ , respectively. As expected, both decrease with increasing pore diameter. This suggests that the tack depends not only on the rheology of the adhesive but is also a strong function of the permeability of the substrate. Further, while the peak force predicted in absence of cavitation is higher than that in its presence for d / R = 0.0016, the work done is the same for both the cases. This stems from the fact that cavitation in case of porous substrate with large pore sizes slows the decay of the force profile at large gaps leading to high values of work done. Thus, one needs to account for such complexities while judging the strength of adhesives.
VII. CONCLUSION
We present a model for squeeze flow on porous substrates for Newtonian liquids and perform simulations to predict the force versus gap profile in both tension and compression for varying motor speeds, liquid viscosities, and substrate permeabilities. Experiments were performed with silicone oils of different viscosities on porous alumina substrates of varying pore sizes. Experiments reveal a smaller force in both compression and tension modes compared to those on impermeable substrates. This effect is caused due to the preferential flow of the liquid into the porous substrate than into the gap. Simulations predict force versus gap profiles in both tension and compression in close agreement with the experimental results, provided the measured gap is adjusted to account for the tilt of the probe. Experiments in tension mode reveal cavitation effects when the pressure in the gap decreases below the vapor pressure of the liquid. While the predictions of the model including cavitation effects showed good agreement with measurements for the d / R = 0.0016 ͑d = 0.004 mm͒, significant discrepancies were observed for d / R = 0.004 ͑d = 0.010 mm͒. These discrepancies could be due to cavitation inside the porous substrate, which has been neglected in the model calculations. Both model predictions and measurements demonstrate reduction in tack upon increase in pore size/permeability of porous substrates.
Although we considered Newtonian liquids in this study, most adhesives are not Newtonian and many water-borne adhesives exhibit shear thinning rheology.
2 Shear thinning rheology would lead to relatively higher pressures in the gap ͑in tension͒ and consequently lead to lower instances of cavitation. This suggests that shear thinning may result in higher tack compared to fluids with Newtonian rheology. The present analysis can be extended to include these effects and an investigation in this direction is currently underway.
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APPENDIX A: BOUNDARY ELEMENT METHOD "BEM… FOR THE POROUS MEDIA
According to the Darcy law, the macroscopic velocity of the fluid v is related to the corresponding macroscopic modified pressure P by means of the equation v =−͑K / ͒ ١ P, where K is the permeability. In analogy with equation for potential flow, a potential function =−͑K / ͒P can therefore be defined such that the continuity equation leads to Laplace's equation 24 ٌ 2 = 0. It has been shown that BEM is particularly more efficient and accurate than the other numerical schemes for solution of Laplace's equation. Becker 12 has described in detail the various benefits of using BEM for the solution of Laplace's equation over other methods; namely, FDM ͑finite difference method͒ and FEM ͑finite element method͒. We have used here the axisymmetric potential formulation of Becker.
12
The three-dimensional boundary integral equation ͑BIE͒ for axisymmetric potential problems can be written as follows:
where p and Q are the interior load point and field point, respectively, as shown in Fig. 20 . The subscript "axi" denotes that the terms has been evaluated by integrating along the hoop-direction Q .
To make the BIE a truly "boundary only" one, the interior load point p is moved to the boundary ͑and referred to as P͒, which results in C͑P͒͑P͒ + 2 ͚ Here, the Jacobian of transformation J͑͒ is given by
.
͑A7͒
The values of the coordinates, the potential function, and its normal derivative at points in the element are evaluated as a function of the transformed coordinate by interpolating the corresponding values at end points of the element using shape functions defined earlier.
The function C͑P͒ appears because the load point is moved to the boundary, making the integral improper but convergent. C͑P͒ need not be calculated explicitly because the diagonal terms of the resulting matrix can be evaluated by constant potential assumption.
Points on the z axis
The z axis is not explicitly modeled with elements for axisymmetric cases, but the load point might fall on the axis ͑at points O and D in Fig. 21͒ . The axisymmetric kernels defined above appear singular as r P → 0, but upon substitution of the parameter m, these terms cancel out and K͑m , / 2͒ = E͑m , / 2͒ = / 2. The potential kernels on the z axis become . ͑A9͒
APPENDIX B: POROSITY AND PERMEABILITY MEASUREMENT
The porous substrates were saturated with water by sucking the entrapped air by a vacuum pump and were then kept in water for a long time until the weight of the substrate became constant. The difference in the weight of the substrate when saturated and in the oven-dried state divided by the product of the water density and the total volume of substrate gives the porosity. Figure 22 presents the experimental setup for permeability measurement. The saturated porous substrate is affixed to the bottom of an acrylic cylinder and the cylinder is filled to an initial height H 0 . The flow through the porous substrate is governed by the Darcy law, 
